INTRODUCTION
Prostate cancer is highly dependent upon androgen receptor (AR) signaling for cell proliferation and survival. Androgen deprivation therapy (ADT) results in high rates of initial response in most patients with metastatic prostate cancer. However, disease progression is invariably observed with tumor cells resuming proliferation despite continued treatment (termed castration-resistant prostate cancer or CRPC; ref. 1 ) . The propensity of metastatic prostate cancer to spread to bone has limited repeated sampling of tumor deposits that have acquired castration resistance, but insights into resistance mechanisms have emerged through bone marrow biopsy and autopsy studies, as well as mouse modeling experiments ( 2 ) . The concept that CRPC results from reactivation of AR signaling despite low levels of serum testosterone is consistent with a frequently observed rise in serum prostate-specifi c antigen (PSA), an androgen-responsive gene product secreted into blood by prostate cancer cells ( 1, 2 ) . Potential mechanisms by which AR reactivation occurs in CRPC include variable levels of AR gene amplifi cation (∼30% of cases), activating AR mutations, alternative mRNA splicing (∼10%), increased expression or activation of AR transcriptional coactivators, activation of modulatory kinase pathways [e.g., Ras, phosphoinositide-3 kinase (PI3K)], tyrosine phosphorylation of AR, and increased intratumoral androgen synthesis; (see ref. 2 for review). The functional signifi cance of reactivated AR signaling in CRPC has been inferred from mouse xenograft models of prostate cancer, in which even modest increases in AR gene expression cause tumors to become resistant to castration ( 3 ) .
The concept of AR reactivation in CRPC has become therapeutically relevant with the development of potent novel inhibitors of AR signaling ( 4, 5 ) . The demonstration that abiraterone acetate, a CYP17A1 inhibitor that potently suppresses adrenal and intratumoral steroid biosynthesis, increases overall survival in men with metastatic CRPC who have previously received chemotherapy lends support to the rationale of suppressing AR reactivation in CRPC ( 5 ) . Notably, there is a wide variation in patient response to abiraterone acetate as measured by serum PSA ( 5 ) , and there is an unmet need for reliable biomarkers that can predict treatment response to abiraterone acetate and other potent inhibitors of AR signaling under development. Taking advantage of recent technological advances in the capture, imaging, and molecular characterization of rare circulating tumor cells (CTC) shed into blood from otherwise poorly accessible metastatic tumor deposits ( 6, 7 ), we established a noninvasive "real time" measure of intratumoral AR signaling before and after initial-or second-line hormonal therapy in patients with metastatic prostate cancer.
RESULTS

Single-Cell Measurement of AR Signaling Parameters in Prostate CTCs
To measure the status of AR signaling within individual cells, we established a quantitative immunofl uorescence assay based on the expression of AR-regulated genes. We reasoned that such a readout would be independent of mechanisms of AR reactivation in CRPC (e.g., AR amplifi cation or mutation, ligand overexpression, or AR cofactor misregulation) and would therefore provide a clear measure of whether the AR pathway has been reactivated during the acquisition of resistance to ADT. To identify optimal downstream readouts of AR signaling, we subjected a prostate cancer cell line (LNCaP) to androgen deprivation or stimulation, and used digital gene expression profi ling to identify transcripts that are differentially regulated in response to changes in AR signaling ( Supplementary Fig. S1 ). Among candidate gene products that are prostate cancer-specifi c and for which reliable antibodies are available, we selected PSA ( KLK3 ) and prostatespecifi c membrane antigen (PSMA; FOLH1 ) as most consistently upregulated following AR activation and AR suppression, respectively ( Fig. 1A and B ; Supplementary Fig. S1A and S1B). Selection of PSMA as a marker of AR suppression was also recently described by Evans and colleagues while this work was in progress ( 8 ) .
Our assay for quantitative measurement of signal intensity profi les for cells stained with antibodies against PSA and PSMA was developed using a model cell system (LNCaP). Treatment of androgen-starved LNCaP cells with the androgen R1881 and measurement of immunofl uorescence signals using an automated fl uorescence microscopy scanning platform revealed time-dependent progression from an initial "AR-off" (PSA
) phenotype, and fi nally to an "AR-on" (PSA Fig. 1C ; Supplementary Fig. S2A ).
The reverse progression was observed upon treatment with the AR inhibitor bicalutamide ( Fig. 1D ; Supplementary  Fig. S2B ). Similar results were observed using VCaP cells, another androgen-responsive prostate cancer cell line (Supplementary Fig. S3 ).
For isolation of CTCs, we made use of our recently developed "second-generation" microfl uidic chip, in which herringbone (HB) grooves in the ceiling of the channel create anisotropic fl ow conditions, generating microvortices that direct cells toward the anti-epithelial cell adhesion molecule (EpCAM) antibody-coated walls of the device ( HB CTC-Chip; ref. 7 ). HB CTC-Chip parameters for single-cell AR signaling analysis were fi rst established by modeling LNCaP cells treated with R1881 or bicalutamide, spiked into control blood specimens, captured on the HB CTC-Chip, and stained with antibodies against PSA and PSMA (AR signaling) along with anti-CD45 (to exclude contaminating leukocytes) and 4′, 6-diamidino-2-phenylindole (DAPI; for nuclear morphology; Supplementary  Fig. S4A and S4B ). To achieve multiparameter single-cell analysis of AR activity, an automated fl uorescence microscopy scanning platform was adapted to distinctly and specifi cally measure 4 fl uorescent emission spectra simultaneously. We carefully selected the choice of secondary fl uorophores and optical band pass fi lters to avoid "cross-talk" between the multiple fl uorescent signals that are closely located on the electromagnetic spectrum while maximizing signal intensity (see Methods). The 4-color immunofl uorescence imaging parameters established using LNCaP cells were then applied to accurately enumerate patient-derived CTCs ( Fig. 2a ) . To minimize the risk of counting false-positive events as CTCs, we adopted a previously reported strategy ( 6 ), calibrating threshold signal intensity and setting a cut-off value for detection of CTCs based on the number of positive events detected in healthy donor samples. Using the newly optimized 4-color Fig. S5 ). The expansion of our CTC characterization to include 4-color staining in a high-throughput manner required the use of new organic fl uorophores, narrow band fl uorescent fi lter cubes, and a new automated imaging platform (see Methods). The result was a more specifi c assay with less background signal in our healthy donors compared with our previous papers ( 6, 7 ). We tested the validity of this threshold cut-off value in a separate cohort of age-matched male patients with no known diagnosis of cancer. Using this threshold, CTCs were not detectable in any patients without a diagnosis of prostate cancer ( n = 0/21; Supplementary Fig. S5 ). In contrast, subsequent analysis of pretreatment blood samples from patients with metastatic prostate cancer revealed detectable CTCs above the predetermined threshold cut-off in 72% of patients ( n = 18/25; Supplementary Fig. S5 and Supplementary Table S1 ).
Active AR Signaling in CTCs from Untreated Patients with Metastatic Prostate Cancer
Having standardized CTC detection using 4-color imaging criteria, we applied the PSA/PSMA dual immunophenotyping assay to patients with newly diagnosed metastatic prostate cancer. CTCs were detectable in 4 of 5 (80%) patients with newly diagnosed metastatic prostate cancer before the initiation of ADT. AR activity was predominantly positive among the patients with detectable CTCs, with the vast majority (median 99.1%; range, 75%-100%) of isolated CTCs from each patient showing the "AR-on" (PSA + /PSMA − ) phenotype ( Figs. 2B and C ; Supplementary Table S2 ). The initiation of ADT in treatment-naïve patients with metastatic prostate cancer with detectable CTCs resulted in transformation of the majority of CTCs from the "AR-on" to the "AR-off" phenotype within 1 month, followed by the complete disappearance of CTCs by 3 months after initiation of therapy ( Fig. 3A-C Tables  S1 and S2 ). This included patients treated with the relatively weak hormonal agents ketoconazole ( n = 1) and bicalutamide ( n = 2), as well as the potent CYP17A1 inhibitor abiraterone acetate ( n = 17; Supplemental Table S2 ). Four of 17 (24%) patients with CRPC treated with abiraterone acetate had a 50% or more decline in the percentage of "AR-on" CTCs within 2 to 5 weeks of therapy, suggesting that the reduction in systemic androgen levels may have suppressed a subset of metastatic tumor cells with reactivated AR signaling ( Fig. 4A-C ; Supplementary Tables S1 and S2). In contrast, 2 of 17 (12%) patients with CRPC had a 2-fold or more increase in the percentage of "AR-on" CTCs within the fi rst 2 to 5 weeks of therapy with abiraterone acetate, suggesting increased AR signaling despite therapy ( Fig. 4D-F ; Supplementary Tables S1 and S2). Eleven of 17 (65%) patients with CRPC had a stable percentage of "AR-on" CTCs after therapy. Analysis of baseline CTC AR signaling before the initiation of abiraterone acetate therapy suggested that the presence of a more than 10% component of "AR-mixed" CTCs was associated with decreased overall survival (log-rank P < 0.05; Fig. 4G ). In addition, an increase in the percentage of "ARon" CTCs despite abiraterone acetate therapy was correlated with decreased overall survival ( Supplementary Fig. S6 ).
DISCUSSION
Cancer cells circulating in the peripheral blood provide a uniquely accessible source of tumor-derived material for molecular analyses. In metastatic prostate cancer, which primarily spreads to bone, the inability to noninvasively sample metastatic lesions has limited the ability to individualize second-line therapies according to the mechanism of drug resistance. Thus, while potent new inhibitors of the AR pathway are under active development, their clinical deployment still remains empiric. Given the interpatient variation in outcome, there is an unmet clinical need for biomarkers that may enable prediction of treatment response for individual patients. Here, we show that the activity of the AR pathway may be monitored in CTCs. Although the trends we observe need confi rmation in subsequent analysis with additional patients, our results support the relevance of CTCs as dynamic tumor-derived biomarkers, refl ecting "real time" effects of cancer drugs on their therapeutic targets, and the potential of CTC signaling analysis to identify the early emergence of resistance to therapy.
Although CTC enumeration using immunomagnetic bead capture has previously been shown to be a potential prognostic biomarker in patients with metastatic prostate cancer ( 9 ), enumeration alone does not yield direct insight into the effects of drugs on their molecular targets and may simply refl ect relative tumor burden or leakiness of tumor-associated vasculature. In contrast, interrogation of the activity of specifi c signaling pathways within CTCs may reveal whether targeted therapies are effectively hitting their target in vivo , thus providing information that may be useful in guiding therapeutic decisions. Reverse transcription -PCR of transcripts from CTC-enriched cell populations may provide an alternative method for detecting CTCs ( 10 ), with the potential for measuring changes in relevant transcriptional output in CTCs. However, the need for quantitative analysis of signal within the heterogeneous cell populations, as documented here, supports the importance of single-cell measurements based on CTC imaging.
Because PSMA is a cell surface protein, it has been used as an alternative to EpCAM for capture of CTCs from patients with prostate cancer ( 11 ) . Although more specifi c to prostate www.aacrjournals.org Miyamoto et al. , and which may be important in defi ning response to hormonal therapies. As such, anti-EpCAM antibody-mediated capture followed by immunophenotyping for PSA versus PSMA expression allows for broad capture of CTCs, followed by characterization of their AR signaling status. Critical for this approach is the optimization of 4-color immunofl uorescence staining and imaging parameters, maximizing immunofl uorescence signals, while minimizing cross-talk between channels for detection of PSA, PSMA, CD45, and nuclear signals, using a standardized semiautomated microscopy platform. Full automation of this assay will be required for its broad application in the context of clinical trials of novel hormonal agents in CRPC.
RESEARCH BRIEF
Although our study was designed as a "proof-of-concept" for a diagnostic approach, it also provides signifi cant insight into the evolution of initially responsive prostate cancer into castration-resistant disease. We found that profound differences underlie the dramatic response of previously untreated, castration-sensitive disease to ADT, compared with the relatively limited effectiveness of even potent second-line hormonal agents in castration-resistant disease. CSPC is marked by the presence of predominant and strong "AR-on" CTC signals, with rapid switching to "AR-off" upon androgen withdrawal, preceding the disappearance of CTCs from the circulation. In contrast, CRPC is marked by striking heterogeneity among tumor cells from individual patients as well as between different patients with similar clinical histories. Few "AR-on" cells are observed, and instead there is an abundance of both "AR-off" and "AR-mixed" CTCs. Together, these suggest that pathways other than AR signaling contribute to disease progression in CRPC, and that the AR reactivation that 
does occur may be qualitatively altered despite the known overexpression of AR itself. Indeed, reactivation of AR signaling in CRPC does not seem to be as complete as previously suspected, and even potent AR suppression in this setting may be insuffi cient by itself to mediate dramatic tumor responses. Rising serum PSA levels in patients with CRPC have been taken as evidence of strong AR reactivation and potentially renewed susceptibility to hormonal manipulation. However, these serum measurements refl ect total tumor burden, which may be considerable, whereas single-cell CTC analysis suggests that within individual tumor cells, AR signaling is not fully reactivated.
Although AR reactivation is the dominant model to explain acquisition of resistance to androgen withdrawal, the limited human data available are consistent with our observations of an attenuated AR phenotype in CRPC. For instance, gene expression studies of bone metastases have shown increased AR mRNA levels in CRPC ( 12 ) , and bone marrow biopsy studies ( 13 ) as well as CTC analyses ( 14 ) have shown nuclear AR localization in resistant disease. However, expression levels of androgen-activated genes seem to be reduced by 2-to 3-fold in CRPC, compared with primary untreated prostate cancer ( 12 , 15 ) . The most common acquired genetic alteration affecting AR , a median 1.6-to 5-fold gene amplifi cation seen in approximately 30% of cases ( 16, 17 ) , may not be suffi cient to fully overcome the effects of ligand withdrawal and reestablish full AR-driven tumor cell proliferation. Indeed, a recent analysis of gene promoters targeted by AR in cells that are sensitive to androgen withdrawal versus cells with acquired resistance showed a qualitatively distinct subset of AR-activated genes ( 18, 19 ) . In our study, the complexity of AR signaling pathways in CRPC may be refl ected by the presence of "AR-mixed" CTCs having simultaneous expression of androgen-induced and androgen-suppressed markers that was associated with decreased overall survival. Thus, expression analysis of AR target genes within CTCs may provide functionally relevant measures of aberrant AR activity.
In addition to altered AR signaling, AR-independent pathways, including PIK3CA-dependent signaling, have also been implicated in CRPC and may cooperate with partial AR reactivation in mediating disease progression in prostate cancer ( 20 ) . Recent studies in mouse models of CRPC have suggested improved responses to combined AR and mTOR pathway inhibition ( 20 ) . Given the potentially complex and heterogeneous mechanisms underlying CRPC, it is not surprising that treatment with the potent CYP-17A1 inhibitor abiraterone acetate alone has a varied effect on the number and composition of CTCs. Some patients with CRPC who did have measureable "AR-on" CTCs showed more than 50% decline in the percentage of this CTC subset within 2 to 5 weeks of abiraterone acetate therapy (4 of 17 patients; 24%). Given the mechanism of drug action, these cases may be enriched for patients in whom intratumoral or adrenal gland synthesis of androgens plays a major role in the development of castration resistance. In contrast, tumors driven by ligand-independent AR gene activation would not be expected to show any suppression in "AR-on" CTC numbers. Indeed, a rising fraction of "AR-on" CTCs despite continued abiraterone acetate therapy was associated with a poor outcome, defi ned as decreased overall survival. In these patients, ligand-independent AR activity may become a driver of tumor cell proliferation, leading to therapeutic failure. Potential mechanisms for the development of resistance to abiraterone acetate in CRPC are the subject of intense investigation ( 21 ) . Further studies linking such mechanistic insights with the application of novel therapies targeting the relevant pathways may provide critical guidance in molecularly targeted therapy for CRPC.
In summary, in this exploratory study, we show that PSA/ PSMA-based AR signaling assay in CTCs may enable real-time quantitative monitoring of intratumoral AR signaling and its potential contribution to disease progression within an individual patient. Although this assay has potential as a promising biomarker, it requires validation in larger prospective studies of patients with prostate cancer undergoing second-line hormonal therapy. While this work was in progress, positron emission tomography imaging using radiolabeled antibodies against PSMA and PSA were reported as biomarkers of AR signaling in prostate cancer mouse xenografts treated with the investigational AR inhibitor MDV 3100 ( 8 , 22 ) . If successful in human tumor imaging, radioisotope scanning for AR activity may complement single-cell CTC assays in providing ongoing monitoring for second-line hormonal agents in CRPC. Such individualization of second-line treatments in metastatic prostate cancer will be essential for therapeutic success, given the evident tumor cell heterogeneity that accompanies the emergence of resistance to initial androgen deprivation.
METHODS
Patients and Clinical Specimens
Patients with metastatic prostate cancer receiving treatment at the Massachusetts General Hospital (Boston, MA) were recruited according to an institutional review board (IRB)-approved protocol. Eligibility criteria included a histologic diagnosis of prostate adenocarcinoma and radiographic evidence of metastatic disease. For the CSPC cohort, recipients of prior hormonal therapy were excluded. Patients in the CRPC cohort required disease progression on ADT according to Prostate Cancer Working Group criteria ( 23 ) , and may have received other therapies. A total of 25 patients donated 10 to 20 mL of blood on one or more occasions for CTC analysis. In addition, 21 male patients with no known diagnosis of cancer were recruited as controls using a separate IRB-approved protocol.
Cell Lines
LNCaP and VCaP cells were obtained from American Type Culture Collection after authentication by short tandem repeat profi ling, and maintained as recommended. For generation of the AR signature, cells were cultured for 3 days in medium containing 10% charcoal-stripped FBS (Invitrogen) and treated with R1881 (Perkin-Elmer), bicalutamide (Sigma), or dimethyl sulfoxide (DMSO) as a vehicle control.
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comprehensively imaged HB CTC-chips under ×10 magnifi cation in seven z -planes in 4 colors at predetermined optimized exposure times, using modifi ed Magnetron sputter-coated fi lter sets for the Cy3 and Cy5 spectra (Chroma; see Supplementary Methods for details). Potential CTCs were automatically classifi ed using a previously described algorithm ( 6 ), followed by manual validation by a blinded human reviewer. High-resolution immunofl uorescence images were obtained using an upright fl uorescence microscope (Eclipse 90i, Nikon) under ×60 magnifi cation.
Quantitative Single-Cell Immunofl uorescence Analysis
Quantitative fl uorescence intensity data for emission spectra (DAPI, FITC, Cy3, and Cy5) were obtained for each single cell as "Area pixels" measurements using image analysis software (Bioview). Data fi les were converted to CSV format and to FCS format (TextToFCS version 1.2.1; ref. 24 ) and analyzed using FlowJo version 7.6. Pseudocolor density plots were gated to display events that are CD45
− . Bar graphs were generated using Microsoft Excel refl ect- Fig. S5 ). Normalized counts below this threshold were considered as false-positive events and not included in the fi nal analyses. In cases where normalized CTC counts were below the limit of reliable detection, percentage distributions of AR signaling phenotypes were not calculated (Supplementary Table S1 ).
Statistical Analysis
AR activity and the proportion of CTC phenotypes between samples were compared using the Wilcoxon rank-sum test. Overall survival was defi ned as the interval between the start of therapy and the date of death or censor. Serum PSA response was defi ned as a maximal decline of 50% or more in serum PSA ( 23 ) . Survival curves were generated using the Kaplan-Meier method and compared using the log-rank test. Two-sided P values <0.05 were considered statistically signifi cant. Statistical analyses were conducted using R, version 2.12.0.
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